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Assembly of the tubulin-like protein FtsZ at or near the cytoplasmic membrane is one of the earliest steps in division of bacteria such as
Escherichia coli. Exactly what constitutes the site at which FtsZ acts is less clear. To investigate the influence of the membrane phospholipids
on FtsZ localization and assembly, we have elaborated with the Langmuir technique a two-lipid monolayer made of dilauryl-phosphatidyle-
thanolamine (DLPE) and dipalmitoyl-phosphatidylglycerol (DPPG). This monolayer comprised stable condensed domains in an expanded
continuous phase. In the presence of GTP, FtsZ assembly disrupts the condensed domains within 5 min. After several hours, with or without GTP,
FtsZ assembled into large aggregates at the domain interface. We suggest that the GTP-induced polymerization of FtsZ is coupled to the
association of FtsZ protofilaments with domain interfaces.
© 2007 Elsevier B.V. All rights reserved.Keywords: FtsZ; Lipid domain; Membrane model; Monolayer; Interface; Cell division1. Introduction
One of the earliest events in the division of the bacterium
Escherichia coli is the recruitment of the tubulin homologue
FtsZ from a dynamic helical distribution to the division site on
the cytoplasmic membrane where it forms a dynamic ring-like
structure [1–4]. The positioning of this site is believed to result
from the operation of nucleoid occlusion in combination with
the Min system [5]. Nucleoid occlusion prevents division over
the nucleoids and directs it by default to the mid-cell region
between segregating nucleoids or to polar regions [6] while the
Min system prevents division in polar regions [7]. However, the
exact nature of a division site remains unclear [8].
A growing body of evidence is consistent with involvement
of phospholipids in the division of E. coli [9]. Mutants defective⁎ Corresponding author. Tel.: +33 235 146780; fax: +33 235 146704.
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doi:10.1016/j.bbamem.2007.07.013in the synthesis of phosphatidylethanolamine (PE) are defective
in division and if they contain less than 30% of PE can grow
only in the presence of divalent ions; this latter finding is
consistent with the importance of the membrane having a pro-
portion of lipids with non-bilayer properties since divalent ions
convert E. coli cardiolipin into a non-bilayer lipid [10]. Impor-
tantly, a number of results demonstrate heterogeneous distribu-
tion of specific phospholipids in the E. coli inner membrane and
specific membrane domains at cell poles and cell centre, which
might provide specific sites for the binding of cell division
proteins [11]. Domains enriched in cardiolipin (CL) have been
revealed at the centre and the poles using 10-N-nonyl acridine
orange [12], findings that are reinforced by an elevated CL level
in minicells which reflects that of isolated poles [13]. At least
two types of lipid domains of different order and polarity are
present in the E. coli membrane as revealed by studies using
laurdan and 1,3-diphenyl-1,3,5-hexatriene [14]; moreover, py-
rene-labeled analogues of PE and phosphatidylglycerol (PG) are
sequestered into separate pre-existing domains in the membrane
Fig. 1. Surface pressure isotherm of pure DLPE, pure DPPG and mixed DLPE:
DPPG 78:22 monolayers on assembly buffer.
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dye FM 4–64 differs at the future septum from elsewhere at a
very early stage in chromosome segregation [17] indicating
membrane domain dynamics in E. coli that depend on the cell
cycle. Recently, it has been demonstrated that bacterial mem-
branes of Bacillus subtilis contain CL and PE domains [16], and
it was proposed that a mosaic of these microdomains may be
involved in specific cellular processes such as cell division and
sporulation [18].
FtsZ, which is a GTPase [19], can form a variety of polymer
structures in vitro when FtsZ is adsorbed to a zwitterionic
phospholipid monolayer [20]. It is therefore conceivable that
direct interactions between phospholipid structures and FtsZ are
an essential part of division [8]. To investigate this possibility,
we have formed monolayers of PE using the Langmuir tech-
nique and have observed assembly of FtsZ on this monolayer
into a wide variety of fibres and rings as revealed by atomic
force microscopy (AFM) [21]. Here, we report the effects of
monolayers composed of two phospholipids, 1,2-dilauroyl-
phosphatidylethanolamine (DLPE) and 1,2-dipalmitoyl-phos-
phatidylglycerol (DPPG), on the organisation of FtsZ as shown
by Brewster angle microscopy (BAM) and AFM. This reveals
an intimate relationship between the dynamics of FtsZ and the
dynamics of phospholipid structures that has implications for
the actual division mechanism in bacteria.
2. Materials and methods
2.1. Protein purification
FtsZ was overproduced in E. coli BL21 (DE3) containing pET11 [22],
kindly provided by Harold P. Erickson (Dept of Cell Biology, Duke University,
North Carolina). FtsZ was purified as described [23]. The last step of purifi-
cation involved an assembly/disassembly cycle of FtsZ. The assembly step was
performed in a pH 5.5 buffer containing MES 55 mM, KCl 55 mM, MgCl2
5.5 mM and EGTA 1.1 mM. The solution was heated to 37 °C and GTP was
added in order to have a final concentration of 0.1 mM. The solution was
immediately centrifuged at 7500×g for 15 min at 37 °C. The pellet was then put
in a disassembly buffer (Tris 20 mM, KCl 50 mM, EGTA 1 mM) at 4 °C. After 1
h the solution was centrifuged (7500×g, 4 °C, 15 min) and the supernatant
containing the FtsZ monomer was retained. The solution was then dialyzed
overnight against pure water. The FtsZ purity was checked with SDS-PAGE and
coloration of the gel with silver nitrate revealed a single band around 40 kDa
as expected for pure FtsZ. A Bradford test was used to determine the FtsZ
concentration.
2.2. Monolayer elaboration
DLPE [1,2-Didodecanoyl-sn-glycero-3-phosphoethanolamine] and DPPG
[1,2-Dihexadecanoyl-sn-glycero-3-phospho-rac-(1-glycerol) (sodium salt)]
were obtained from Sigma. A 1 mM solution of DLPE:DPPG (78:22) was
obtained by dissolving the lipids in a solution of chloroform:methanol (80:20,
RP Normapur). Langmuir films were elaborated using a home-made PTFE
Langmuir trough (27×7.5 cm, 200 mL). The subphase used was an acetate
buffer (Mg acetate 50 mM, EGTA 10 mM, GTP 0.1 mM, pH 5.6— all products
from Sigma) referred to as assembly buffer. In some experiments GTP was
omitted from the buffer. The surface pressure was measured using a Wilhelmy
balance (R&K, Potsdam, Germany). The temperature throughout the experi-
ments was 21 °C. 30 μL of the lipid solution was spread at the air/water
interface. After evaporation of the solvent (15 min after spreading), the mono-
layer was compressed. We obtained pressure-area isotherms of the mixture on a
subphase of assembly buffer to determine the structure of the monolayer (Fig. 1).We chose a surface pressure of 26 mN/m at which domains were well defined
and the monolayer was stable (an area decrease of 3% for both systems was
observed after 24 h); higher surface pressures led to the DLPE progressively
dissolving in the DPPG and to domain instability. Moreover, although the
surface pressure in the cytoplasmic membrane of living cells has not been
determined, experiments using model membranes give values between 25 and
40 mN/m [24,25].
2.3. FtsZ/lipid system interactions
The surface pressure of the monolayer was maintained at a constant at
26 mN/m. Ultra-pure water was added when necessary to compensate for water
evaporation. Two hours after forming the monolayer and maintaining it at this
pressure, FtsZ was injected under the monolayer to a final concentration of
0.025 μM. Evolution of the system was followed at the air/water interface with a
Brewster Angle Microscope. Transfers of the monolayer were done at different
times onto freshly cleaved muscovite slides (Métafix, France) using the Lang-
muir–Schaefer technique [26]. To exclude the possibility that FtsZ could stick to
the mica during the transfer, the aqueous phase was changed in some long-term
experiments before the monolayer was transferred. Samples were dried for 24 h
before imaging with AFM.
2.4. Brewster angle microscopy (BAM)
We used a BAM 2+ (NFT, Germany) equipped with a 20 mW laser emitting
at 632 nm. The microscope was mounted above the Langmuir trough and
images were collected at different stages of the compression of the films. The
BAM technique [27,28] is based on the principle that p-polarized light incident
to the air/water interface at an angle of 53.1° (air/water Brewster angle) is not
reflected. However, the presence of an interfacial film leads to a partial
reflection of the light so that the film can be seen. Differences in reflected
intensity correspond to different phase organisations. Lateral resolution is
2 μm.
2.5. Atomic force microscopy (AFM)
A Nanoscope II (Digital instruments, California, USA) was used to
image the topography of the monolayer after a transfer onto a muscovite
slide. Images were obtained with the contact mode in air at room
temperature. The piezo-scanner used was a J-type (100 μm scan range);
the microcantilever used had a low spring constant of 0.06 N/m. The tip was
a standard tip made of silicon nitride. Measurements were performed with
the feedback loop on. Grey scale on the images indicates height such that the
lighter, the higher and the darker, the lower. The same grey scale is used for
all AFM images.
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3.1. Formation of the DLPE/DPPG monolayer
To investigate ideas that lipid organisation plays the lead role
in the dynamics of FtsZ, we needed a simple model system in
which domains form that are not easily perturbed. Mismatch
between chain lengths can generate such stability [29] and we
therefore chose two lipids, DLPE and DPPG, in which the chain
lengths differ by 4 carbons (DLPE is constituted of a PE head-
group and two aliphatic saturated chains with 12 carbons each
while DPPG is constituted of a PG headgroup and two aliphatic
saturated chains with 16 carbons each). The headgroups of these
two species correspond to the two main classes of phospholipids
of the E. coli cytoplasmic membrane and we used them in the
ratio of 78:22, the ratio found in this membrane. Pressure area
isotherms of the pure lipid monolayers and of the mixed mono-
layer have been drawn (Fig. 1). The pressure area isotherm of
DLPE is characterized by a phase transition with a plateau at
36 mN/m. At this surface pressure, the DLPE monolayer or-
ganisation changes from a liquid expanded phase to a liquid
condensed phase [30]. In the case of DPPG, a phase transition
between a liquid condensed phase and a solid phase is observed
at 42 mN/m as expected on a slightly acid subphase— pH 5.6
[31]. The lipids in this mixed monolayer are partially immi-
scible as shown by the fact that the pressure-area isotherm of the
mixture on a subphase of assembly buffer is not a combination
of the pressure-area isotherms of the pure lipids (Fig. 1).
After evaporation of the solvent, the monolayer was com-
pressed up to 26 mN/m and images were taken at different times
using BAM. Circular domains in a continuous phase were
immediately apparent. These domains were stable for the next
4 h with only a slight increase in the domain size. Reference
images were taken after 3 h and are shown in Fig. 2a). The
levels of grey in the BAM images indicate that the lipids in the
continuous phase are in a liquid expanded phase and those in the
circular domains are in a liquid condensed phase. Since at
26 mN/m pure DLPE is organised into a liquid expanded phaseFig. 2. (a) BAM image of a DLPE:DPPG 78:22 monolayer on assembly buffer at a su
the image (bar: 50 μm); (b) AFM image of a DLPE:DPPG 78:22 monolayer at a su
30×30 μm).and pure DPPG into a liquid condensed phase, DLPE and
DPPG are likely to be the principal constituents of the conti-
nuous phase and of the network respectively. This interpretation
is supported by experiments that were done at a PE/PG ratio of 1
(as well as those shown here at a ratio of 78/22 (3.5)). At this
lower PE/PG ratio, the size of the condensed domains increased
and the ratio of expanded/condensed domains decreased (data
not shown). For PE/PG ratios of both 3.5 and 1, the calculated
surface ratios of expanded/condensed domains are consistent
with the condensed domains being composed of mainly DPPG.
This interpretation is supported by AFM images of a mono-
layer of DLPE:DPPG (78:22) transferred 3 h after compression
at 26 mN/m (Fig. 2b). Big circular domains with diameters of 10
to 20 μmare observed. The size of the domains is consistent with
the BAM images. The topographic profile revealed a height
difference of 8 Å between circular domains and the continuous
phase. This value is consistent with the length difference be-
tween molecules of DLPE and DPPG which have acyl chains
with 12 and 16 carbons, respectively. That said, it has been
shown by AFM of single phospholipid films that liquid-con-
densed domains can be around 8–15 Å thicker than liquid-
expanded regions of the same lipid [32–34] whilst condensed
domains in a bilayer composed of 1,2-dilauroylphosphatidyl-
choline and 1,2-distearoylphosphatidylcholine had around an
80% enrichment of 1,2-distearoylphosphatidylcholine [35]. We
deduce that DLPE is the main constituent of the expanded
continuous phase and DPPG of the condensed circular domains.
In addition to the big circular domains, very small domains with
an identical height difference are observed (average diameter
0.2 μm). These small domains could be small condensed do-
mains mainly constituted of DPPG. Another possibility is that
some DPPG is randomly present in the continuous phase, which
would mainly be constituted of DLPE. The small DPPG do-
mains may then be formed during or after the transfer because of
interactions between the muscovite and the polar heads of the
DPPG. Unfortunately, because of its low resolution, BAM can-
not be used to confirm that the small domains really exist in the
monolayer at the air–water interface.rface pressure of 26 mN/m after 3 h. – a square of 30×30 μm has been plotted in
rface pressure of 26 mN/m transferred onto a muscovite slide after 3 h. (image
Fig. 3. Evolution of a DLPE:DPPG 78:22 monolayer on assembly buffer at a surface pressure of 26 mN/m followed with BAM. FtsZ polymerization/adsorption was
followed in presence (a–d) and in absence (a′–d′) of GTP (Bar: 50 μm). (a) and (a′) before FtsZ injection; b–b′ 5 min; c–c′, 7 min, d–d′, 10 min. after FtsZ injection.
In images a, b and b′, 2-fold zooms are also shown.
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10 min)
To observe a possible relationship between phospholipid
domains and FtsZ assembly, a monolayer of DLPE:DPPG of
78:22 was prepared as above. 3 h after compression of the
monolayer at 26 mN/m, FtsZ was injected into the subphase. A
control experiment with no GTP in the subphase was done in
the same experimental conditions. The evolution of the mono-
layers at constant surface pressure was observed with BAM;
monolayers were transferred onto muscovite slides at different
times to allow imaging with AFM.
Immediately after the injection of FtsZ, BAM images re-
vealed that, in the presence of GTP, the boundaries of the
circular condensed domains became irregular and the domains
started to move rapidly (Fig. 3 a–d). The speed of these move-
ments prevented us from making any BAM images for the
following 5 min. Images obtained after 5 min (Fig. 3b) show
that the domain borders are irregular and that the continuous
phase is no longer homogeneous; moreover, the domains also
appear to have become heterogeneous and are a little brighter
than before FtsZ injection (compare the zoom in Fig. 3b with
that in 3a). By contrast, when there is no GTP in the subphase,
no changes are visible 5 min after FtsZ injection and Fig. 3b′ is
similar to Fig. 3a′ which was obtained before FtsZ injection.
In the presence of GTP the domains then started to merge (Fig.
3c and d) and the heterogeneity of the continuous phase decreased
slowly. In addition, bright spots appeared at the border of the
domains. Because of the high sensitivity of BAM to thickness, we
conclude that these bright spots are due to the presence of objects
thicker than the monolayer. In the absence of GTP, 7 and 10 min
after FtsZ injection (Fig. 3c′ and d′), the condensed domains
started to link together. This shows that there is an interaction
between FtsZ and the monolayer even without GTP hydrolysis or
binding.Moreover, the linking of domains would be explained by
this interaction occurring at the domain interfaces.
The striking difference between the rapid dynamics in the
presence of GTP and the slow dynamics in its absence isFig. 4. AFM images of a DLPE:DPPG 78:22 monolayer on assembly buffer conta
monolayer was transferred onto muscovite 10 min after injection. (a) Image showi
polymer networks. The arrow in (b) indicates an area in the polymer network similaprobably due to the hydrolysis of GTP allowing either proto-
filament assembly or indeed assembly and disassembly.
The AFM images obtained after transfer of the monolayer
help in the interpretation of the effect of GTP hydrolysis on the
structure of the monolayer. Typical images of the monolayer
transferred 10 min after injection of FtsZ in the GTP-containing
subphase are shown in Fig. 4.
The image obtained without FtsZ (Fig. 2b) and the one
obtained when FtsZ is assembling under the monolayer can be
compared. They are similar insofar as they reveal condensed
domains in a continuous phase with a height difference between
the domains and the continuous phase of 8 Å. However, there are
two clear differences. When FtsZ assembled under the mono-
layer, firstly, the big circular domains became collections of
small domains with an average diameter of 0.3μm (Fig. 4a) and,
secondly, the very small domains (b0.1 μm) in the continuous
phase have decreased in number and increased in size (to
0.5 μm). The disruption of the large domains is consistent with
the observation using BAM that showed domain borders
becoming irregular and may be related to the assembly of FtsZ
under the monolayer. The resolution of BAM is only 2 μm,
therefore it is not possible to see the large domains being
disrupted but only their becoming heterogeneous. Similarly, the
heterogeneity of the continuous phase observed with BAMmay
be related to an increase in size of the small condensed domains
in the continuous phase (which are observed with AFM). Hence,
the disruption of the big circular domains and the growth of the
very small domains is probably related to the assembly of FtsZ
under the monolayer.
Relatively big polymer networks of FtsZ, with dimensions on
the order of 10 μm, can also be observed in around 1 in 5
different regions of samples transferred after 10 min (Fig. 4b).
Close inspection of these networks shows that they are not
aggregates but are formed of small protofilaments with lengths
between 70 and 130 nm (Fig. 4c). The lengths of these proto-
filaments is similar to those observed by others [36] consistent
with them being short polymers of FtsZ (between 16 and
30 monomers).ining GTP at a surface pressure of 26 mN/m 10 min after FtsZ injection. The
ng the dismantling of the condensed domains. (b) and (c) Observation of FtsZ
r to that shown in (c).
Fig. 5. Evolution of a DLPE:DPPG 78:22 monolayer on assembly buffer at a surface pressure of 26 mN/m followed with BAM from 30 min to 24 h after injection of
FtsZ. Left (a–c): evolution without FtsZ and GTP. Middle (a′–c′): evolution with FtsZ in presence of GTP. Right (a′′–c′′): evolution with FtsZ in absence of GTP.
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(30 min to 24 h)
The evolution of FtsZ/monolayer interactions was investi-
gated for longer periods (Fig. 5). When GTP is present, 60 min
after FtsZ injection, the domain borders are no longer irregular
and the continuous phase is again homogeneous (Fig. 5b′).
When GTP is absent, 30 min after FtsZ injection (Fig. 5a"),
objects form at the domain borders that tend to connect the
domains together. These objects are likely to result from FtsZ
adsorbing to the interface between DPPG and DLPE domains
and then aggregating. This tendency to connect condensed
domains increased with time (Fig. 5a′′–d′′) as FtsZ continues to
adsorb at domain borders.
When comparing the three sets of experiments in Fig. 5, it
may be observed that in all cases condensed domains coalesce
with time. This coalescence phenomenon is slightly faster in the
presence of FtsZ when GTP was initially in the subphase (see
Fig. 5b, b′, b′′ showing images taken 60 min after start of the
experiment). This is probably due to the merging of DPPG
irregular domains during the first 30 min of experiments when
FtsZ polymerized. When FtsZ is present in the subphase, it
adsorbs with time to the border between condensed domains and
the continuous phase. This leads to the connecting of condensed
domains. The acceleration of the coalescence phenomena also
leads to larger connected condensed domains when FtsZ is
present in the subphase (compare Fig. 5d with Fig. 5d′ and d′′
showing images taken 360 min after start of the experiment).
In the absence of FtsZ, the area did not change significantly
when the domains were either circular or forming a network
(see Fig. 5a to d). (Note that experiments were done at constant
surface pressure.) This is not surprising since the surface ratio of
expanded/condensed domains does not change and hence it is
only the distribution of expanded and condensed domains that
changes. The monolayer is therefore stable. In the presence of
FtsZ (Fig. 5) and throughout the experiments, the area did not
change significantly either: this means that FtsZ did not pene-
trate the monolayer and that the protein and the protofilaments
only interacted with the polar heads of the phospholipids. ItFig. 6. AFM images of a DLPE:DPPG 78:22 monolayer on assembly buffer at a surfa
after FtsZ injection in the GTP-containing subphase. FtsZ networks are still visible as
after FtsZ injection in the subphase (no GTP). FtsZ aggregate linking condensed d
subphase (no GTP). FtsZ aggregates are present at the interface between the condenshould also be noted that changing the subphase to remove FtsZ
from the solution immediately before transfer altered neither the
BAM nor the AFM images (data not shown).
When GTP is present in the subphase, in the sample
transferred 30 min after FtsZ injection in the subphase, only a
few structures of FtsZ polymers are observed with the AFM
(Fig. 6a). Moreover these structures are not so well defined as
the structures observed on the sample transferred after 10 min
(Fig. 4b). A circle has been drawn on one of the AFM images
obtained after 30 min in the presence of GTP (Fig. 6a) to point
out a part of a structure that does not seem to be made of FtsZ
protofilaments but rather of aggregates. This interpretation is
supported by the AFM images of the samples obtained without
GTP (Fig. 6b) in which the structures at the border of the
condensed domains reveal no organisation, consistent with their
being FtsZ aggregates (see zoom in Fig. 6b). Therefore 30 min
after FtsZ injection, there is disassembly of FtsZ protofilaments
and formation of FtsZ aggregates under the monolayer. The
explanation is probably complex and may involve the rate of
reaction at the interface exceeding the rate of GTP diffusion to
the interface (and GDP diffusion away from it) in an unstirred
aqueous phase; however, calculations based on the Nernst layer
are difficult to perform here because GTP hydrolysis by FtsZ is
also occurring in the subphase, because the FtsZ at the interface
is localised heterogeneously and, above all, because the reaction
characteristics of FtsZ filaments and aggregates in these condi-
tions are not known.
In the presence of FtsZ but absence of GTP, the condensed
domains are not disorganised (Fig. 6b) and are therefore similar
to those obtained without FtsZ (Fig. 2b) and different from
those with both FtsZ and GTP (Fig. 4b). This is consistent with
the disorganisation of the domains being due to a dynamic FtsZ
assembly dependent on hydrolysis of GTP. Results from the
BAM analysis suggested that when GTP is absent, 30 min after
FtsZ injection, objects form at the domain borders that tend to
connect the domains together (Fig. 5a′′) and the AFM images
confirm that the these objects are FtsZ aggregates (Fig. 6b).
AFM images of a monolayer transferred 24 h after the
introduction of FtsZ (Fig. 6c), showed three zones of differentce pressure of 26 mN/m with FtsZ in the subphase. (a) Sample transferred 30 min
well as FtsZ aggregates (circled part of the image); (b) sample transferred 30 min
omains may been seen. (c) Sample transferred 24 h after FtsZ injection in the
sed domains and the expanded continuous phase.
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nuous phase, second, a high zone corresponding to the con-
densed domains and third, an intermediate zone corresponding
to FtsZ at the boundaries between the first two phases. The
AFM results are therefore consistent with the BAM results and
indicate that FtsZ aggregates are localized at the boundaries
between an expanded continuous phase and a condensed do-
mains network. This observation and the evolution of the mo-
nolayer in the absence of GTP lead us to conclude that FtsZ
adsorbs at the boundaries between condensed domains and the
expanded continuous phase.
4. Discussion
The key question in the triggering of cell division is what lies
upstream of the action of FtsZ at the division site. One possi-
bility is that the trigger lies in the physical chemistry of hetero-
geneous phospholipid membranes in which domains can form
within the plane of the membrane and subsequently become
transformed into an invagination structure in the underlying
cytoplasm [37]. An interaction of FtsZ with such structures
might constitute either the trigger itself or the mechanism
whereby division progresses. To address the question of how
phospholipid domains might contribute to division, we have
developed an in vitro monolayer system to begin to mimic the
inner monolayer of the cytoplasmic membrane of E. coli. We
made this simple model by using DLPE and DPPG, which
represent the two major phospholipids, PE and PG, of the
E. coli membrane. While this model cannot reproduce all the
complexity of the lipid constitution of the E. coli cytoplasmic
membrane, its organisation into condensed domains in an ex-
panded continuous phase corresponds to a potentially important
organisation of the cytoplasmic membrane.
The formation and evolution of domains were followed using
BAM (to visualize the monolayer at the air/water interface
without a probe) and AFM (to obtain the topography of the
monolayer after transfer to a solid support). The structure of this
two-lipid monolayer evolved and circular condensed domains
(mainly constituted of DPPG) inside an expanded continuous
phase (mainly constituted of DLPE) were followed by the co-
alescence of the condensed domains.
FtsZ interacts directly with a pure PE monolayer to form
fibres 30–75 nm thick and tens of microns long as well as
circular structures [21]. The experiments reported here using
FtsZ at a lower concentration show that FtsZ also interacts
directly with a PE/PG monolayer – and probably with the
interface between domains – to give very different structures.
Over short periods of time, addition of FtsZ in the presence of
GTP resulted in the adsorption of FtsZ protofilaments to form a
network under the phospholipid monolayer. In these conditions,
polymerization of FtsZ disrupted the condensed domains. This
is unlikely to be due to a change in pH resulting from GTP
hydrolysis near the monolayer; such a change should disrupt all
domains but instead only big condensed domains are disrupted
whilst small domains become larger. The explanation we favour
is that assembly of protofilaments on the boundaries splits large
domains and fuses the small condensed domains. Indeed, addi-tion of FtsZ in the absence of GTP also resulted in domains
becoming linked although the process was much slower. Over
long periods of time, in the presence or absence of GTP, FtsZ is
adsorbed under the monolayer and forms aggregates localized at
domain interfaces. This is likely due to the organisation of the
monolayer into domains with different physical properties.
Theoretically and experimentally it has been shown that liquid
condensed domains in a liquid expanded domain phase produce
a 2D dipolar electric field that may then attract a particle or a
molecule with a dipolar moment [38]. A theoretical model based
on entropy-driven depletion forces has also been developed to
explain aggregation of proteins or other large macromolecules at
the boundary between coexisting liquid condensed and liquid
expanded domains of lipids [39]. Experimentally, fibronectin
(a surface anchored protein) has been found to be attracted at
liquid expanded/condensed domains edges in a dipalmitoylpho-
sphatidylcholine monolayer [40]. Similar phenomena have been
observed with surfactant protein [33,41] or equinatoxin-II [42]
and in these cases, it has been suggested that lipid packing
defects and differences in membrane thickness occurring at
the interface might facilitate the interaction with the protein
[33,41,42]. Hence, an adsorption of FtsZ to the interface be-
tween condensed domains and the expanded continuous phase is
to be expected. Indeed, the rapid dynamics of assembly and
disassembly dependent on GTP following FtsZ injection, as
evidenced by the rapid evolution of the monolayer structure,
would be consistent with GTP hydrolysis occurring in the
vicinity of the monolayer, perhaps at the domain interfaces
themselves as suggested above. In other words, FtsZ absorption
to interfaces may promote the dynamic assembly of protofila-
ments, their orientation and the formation of networks.
The FtsZ protofilaments we observed are 70 to 130 nm long
(between 16 and 30monomers). Such length is in agreement with
previous work [36]. These protofilaments assemble in small arcs
to form a network under the monolayer. The arcs may be formed
in two ways. One possibility is that separate protofilaments may
become linked at an angle or kink; these protofilaments might
encounter one another due to their being aligned by localisation
to the same interface. An alternative, not necessarily exclusive,
possibility is that an existing protofilament develops a kink;
again, this could be related to localisation at a domain interface.
In both cases, the lowest energy configuration could correspond
to arced protofilaments localised at an interface with both proto-
filaments and interface having similar curvatures. It has been
suggested that a straight FtsZ filament conformation is favoured
when FtsZ is in a GTP-bound state whilst a curved conformation
is favoured when it is in a GDP-bound state [43]. Moreover,
inhibition of GDP release may allow polymers to use the energy
from hydrolysis to curve and produce force during ring con-
striction [44]. These findings support the idea that interaction of
FtsZ polymers with lipids is important for the inhibition of GDP
release and the bending of the FtsZ polymer.
FtsZ ring diameters of 24±2 nm have been observed in the
presence of GDP [36] whilst diameters of 200 up to 800 nm
have recently been observed in the presence of GTP [45–47].
Of course, other proteins participate in vivo in the assembly and/
or maintenance of the Z-ring. It has been argued that FtsA and
2820 C. Lafontaine et al. / Biochimica et Biophysica Acta 1768 (2007) 2812–2821ZipA are not involved in nucleating Z ring assembly, but at least
one of them is required for FtsZ filaments to assemble into a Z
ring [48]. In the effective absence of these proteins FtsZ was
nevertheless localized in spots and arcs at regular intervals and
this was interpreted as FtsZ filamenting at division sites. It
should be stressed that in this paper we investigate the step
upstream of the formation and maintenance of the Z-ring itself.
Our results support the hypothesis that the assembly, and
possibly disassembly, of FtsZ protofilaments occur at domain
interfaces to modify these domains. The curvature radius of the
arced filaments observed is around 250 to 300 nm. The assembly
of FtsZ into a long filament with a radius of curvature of 300 nm
in the vicinity of a big DPPG domain might then lead to its
fission into smaller domains with average diameters of 600 nm
and less, as reported here. Reciprocally, a curved filament that
interacts with condensed domains might induce the fusion of
small domains to yield a domain with a diameter of 500 to
600 nm. Such diameter values are in agreement with our ex-
perimental results. Finally, although our system is constrained to
two dimensions, it does offer a useful way to investigate inter-
actions between lipids and proteins and, in particular, to eluci-
date direct interactions between certain phospholipid structures
and FtsZ that may lie at the heart of cell division.
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